Abstract-This paper presents the modeling of a pneumatic system devoted to a teleoperation application. The study deals with the specific problem of the additional dynamics introduced by the air hose length when the servovalves are located far from the pneumatic cylinder. The physical modeling of each component of the system leads to either a set of nonlinear ordinary differential equations (ODEs) or a set of nonlinear partial differential equations (PDEs). We show that a classical expansion around a working point provides a model consisting of a finite set of ODEs. A second aspect of this work relates to the use of this model within a bilateral teleoperation scheme. In order to design a two-channel teleoperation controller, a model reduction is required. Simulation results show the efficiency of our approach in terms of both robustness with respect to modeling errors and transparency, whether in free space or in contact motion.
I. INTRODUCTION
Bilateral teleoperation systems offer many promising applications especially in minimally invasive surgery, space and underwater exploration, and within hazardous environments where human action is clearly restricted [1] , [2] , [3] , [4] . Transparency is the main performance objective in bilateral teleoperation controller design. It measures the quality of recreation of the remote environment's mechanical properties to the human operator. Abundant control theories have been proposed to achieve high transparency when the slave is in free motion and/or in contact motion. Also, quantitative performance comparisons between different teleoperation control methods were reported in different previous works [5] , [6] . It has been shown that adding force feedback to a teleoperation system emphasizes the sense of telepresence, and improves the user's ability to perform complex tasks. The actuators used in most teleoperation systems are electrical direct-current motors. These are easy to install, quiet, and simple to control. However when large actuation torques are needed, gear-boxes are used. These may result in backlash and high inertia, which are undesirable because they introduce discontinuity and distortion in the force reflected to the operator. In this study, we investigate the development and control of pneumatic actuators in a teleoperation system. Compared to electrical actuators, pneumatic actuators have higher force-to-mass ratio and can generate larger forces without the need for any reduction mechanism. Moreover, they are inert to magnetic field, which is crucial in certain applications such as robot-assisted surgery under MRI guidance. The study described in this paper deals with the specific problem of the additional dynamics introduced by the air hose length when the servovalves are located far from the pneumatic cylinder. Such case emerges for * Istituto Italiano di Tecnologia, Genoa, Italy ** Laboratoire Ampère, UMR CNRS 5005, INSA de Lyon, Université de Lyon, France some medical applications such as needle insertion in an MRI room, where magnetic components are not allowed [7] . These additional dynamics generate a delay, and we would like to stress that this latter is not a typical delay in the communication channel between the master and the remote slave, but a delay in the control signal of the slave system. Such delay generated by the fluid propagation is governed by a set of nonlinear partial differential equations, which entails the apparition of a theoretically infinite number of modes in the control loop. This warrants research because it makes difficult to stabilize the overall system. In this challenging framework, the main goals of the work presented in this paper consist of the modeling and the control of a pneumatic teleoperation system dedicated to long distance manipulations. Section II describes the models of the different components of a pneumatic actuator remotely driven by a servovalve. The second purpose of this part is to obtain and validate an accurate simulation of the dynamical behavior of the different components around a working point. Section III is devoted to the analysis and the development of a teleoperation strategy with force feedback for a master/slave system. Finally, simulation results show the efficiency of the proposed technique.
II. MODELING
This section describes the model of the system shown in Fig. 1 
A. Pneumatic cylinder
To describe the air flow dynamics in a compliant cylinder, we assume -cf [8] -that air is a perfect gas and its kinetic energy is negligible in the chambers; the pressure and the temperature are homogeneous in each chamber; the evolution of the gas in each chamber is polytropic; the mass flow rate leakages are negligible; and the supply and exhaust pressures are constant.
The pressure dynamics in the chambers can be modeled by the following set of differential equations:
978-1-4799-2722-7/13/$31.00 c 2013 IEEE where (for each chamber P and N) p L P and p L N refer to the pressures (Pa) inside the chambers, q L P and q L N refer to the mass flow rates (kg/s) entering each chamber, S P and S N refer to the piston cylinder areas (m 2 ) on each side of the piston, T P and T N refer to the temperature (K) inside each chamber; k refers to the polytropic constant, r to the universal gas constant (J/(kg K)), P a and P s resp. to the atmospheric and supply pressures (Pa), and y to the piston position (m). Furthermore,
where , V DP and V DN are respectively the cylinder's stroke and the dead volumes of the chambers P and N.
The dynamics of the mechanical actuator involving the applied force on the piston and the resulting piston motion are
where M is the total movable mass (load and piston) (kg), and f ext the external resistive force applied on the piston's rod (N).
B. Servovalves
In this work, two proportional servovalves Atchley TM 200PN-176 have been used to control the mass flow rate
To establish a mathematical model of the power modulator flow stage, we need to evaluate the mass flow rate delivered by a servovalve depending on the control voltage applied and the downstream pressure. Many works present approximations based on physical laws [9] , [10] -consisting in modeling the geometrical variations of the servovalve's restriction areas -or on experimental local characterization [11] . These methods are based on approximations of fluid flow through a convergent nozzle in turbulent regime, corrected by a coefficient C q [12] or on the norm ISO 6358. In this paper, we propose to use the results of the global experimental method giving the static characteristics of the flow stage [13] . From the global characterization, which corresponds to the static measurement of the output mass flow rate q depending on the input control u and the output pressure p for a constant supply pressure P s , it is clear that the flow rate is a non linear function of the downstream pressure and the input control. The authors in [8] have developed analytical models for both simulation and control purposes. For the sake of simplicity, we will omit the subscripts in this section but the output pressure noted p could be either P 0 N or P 0 P and in the same way the mass flow rate noted q could be either q 0 N or q 0 P (Fig. 1 ). Two cases have been studied to approximate the flow stage characteristics by polynomial functions:
• a polynomial approximation affine-in-control such that: (3) is a polynomial function whose evolution corresponds to the mass flow rate leakage, which does not depend on the input control value u. ψ(p, sign(u)) is a polynomial function whose evolution is similar to the one described by the methods based on approximations of mass flow rate through a convergent nozzle in turbulent regime [12] .
• a multivariable polynomial function
In this paper we use the second model with n = m = 3 since it provides a more accurate approximation. For more details on the choice of the approximation model and of the degrees, please refer to [8] .
This polynomial approximation is used to estimate the output mass flow rates of the servovalves q 0 P (u P , p 0 P ) and q 0 N (u N , p 0 N ).
C. Pneumatic lines
In fluid power systems, lines can have predominant effects on dynamics and critical incidences in some applications. An accurate model of a pneumatic line should consider the interdependence of pressure and mass flow dynamics. In this paper, a nonlinear distributed-parameter model of a pneumatic line is exhibited. The following assumptions are used for the derivation of the mathematical model: the fluid is compressible, viscous, adiabatic and homogeneous [14] . Basically, there are three fundamental conservation expressions that characterize the general behavior of gas flow in a pipe. These conservation laws are known as: mass, momentum and energy conservation. The resulting model is given by the following set of partial differential equations: Although the dynamics of a compressible fluid in a line can be described by (5), the distributed-parameter model used could result in complex manipulations especially when the final purpose consists in controlling a remote device as shown in Fig. 1 . For this reason, a simplified model can be established by either approximating the system by a lumped-parameter model [14] or by introducing a distributed observer [15] . In the following, a nonlinear lumped parameter model has been chosen to approximate (5) ; then a tangent linearized model around a set point has been established from the nonlinear model in order to design a teleoperation controller.
D. Linearization
This section is devoted to the linearization of the pneumatic components presented in Section II around an equilibrium set.
1) Cylinder:
The nonlinear model of one chamber introduced by (1) can be linearized considering small variations around an equilibrium point (denoted by the subscript 'e') such as: p(t) = p e + δ p(t); y(t) = y e + δ y(t); q(t) = q e + δ q(t) = δ q(t) (as q e = 0); δẏ(t) = δẏ e + δẏ(t) = δẏ(t) (since δẏ e = 0). In the following, p(t) is either equal to
, finally S is either equal to S P or S N . For the sake of simplicity, we will assume the variations of temperature within the chambers T N and T P are small enough with respect to the supply temperature T to consider equal T N = T P = T . The capital font will be related to a variable in Laplace domain and a normal font to a variable in time domain (e. g. ∆P(s) is the Laplace transform of the time signal δ p(t)).
A first order Taylor series expansion of (1) leads to:
Considering small position variations δ y 0, we get
where
Using this approach for both chambers, a linear model can be obtained in order to describe the dynamics of the pressure variations:
with
Considering small variations around the equilibrium, the mechanical part of the cylinder (2) becomes:
2) Servovalve: Since the mass flow rate q delivered by this component is a function of its input voltage u and its output pressure p, a linearized model could be established considering (4) and small variations around the operating point defined previously for the cylinder: 
We compute
in the same way.
3) Pneumatic line: As pressure and mass flow dynamics along a pneumatic line are described by a distributed parameter system (5), a distributed-observer has been proposed in [15] . This observer, based on numerical simulation for a valvecylinder connecting pipeline, allows to estimate the realtime state of the cylinder chamber without any sensors. This method consists in discretizing the line in a finite number of unit-length elements ; the effectiveness of such a numerical method has been demonstrated experimentally. However, the high computational need of this numerical method is a major drawback. Moreover, sometimes a theoretical model of the line is required for different purposes such as stability analysis, system identification or controller design. Hence a pneumatic line model as a lumped-parameter system has been investigated in different works. Such modeling strategy consists in considering simplifying assumptions under which the initial set of partial differential equations, evolving in temporal and spatial infinite dimensional state space, can be reduced into a set of ordinary differential equations with a finite number of parameters. The model parameters can be determined analytically or empirically [15] , [16] . Similarly to [14] , the set of nonlinear partial differential equations (5) is linearized around an operating point in order to obtain a set of linear partial differential equations. For this purpose, we need to introduce the boundary conditions (P o ,P L ,Q o ,Q L ) of the line. In our notation P o (resp. P L ) could be either P 0 P or P 0 N (resp. P L P or P L N ) and similarly the mass flow rate noted Q o (resp. Q L ) could be either Fig. 1 .
The derivation of these latter equations in Laplace domain and the introduction of boundary conditions (P o ,P L ,Q o ,Q L ) lead to non-causal equations using transcendental functions. The choice of two independent inputs and two dependent outputs results in a quadrupole representation of the causal model obtained:
The transcendental functions are then approximated by rational transfer functions assuming low frequencies or high damping of the line. The resulting transfer functions are given by [14] :
where L l is the length of the line, L is the equivalent inductance 
The previous linearized models (14)(15)(16) (17) have been compared to more accurate simulation models as a first validation step. LMS Imagine Lab TM AMESim R simulation software was used for this purpose. This software simplifies multi-domain integration thanks to its easy-to-use simulation platform with extensive dedicated libraries. The dynamic computation used in AMESim relies on the finite differences method, parametrized in our case with 6 control volumes and described in [17] . Each control volume takes into account compressibility and inertial effects as well as friction losses. [18] has shown that the finite volume approach suggested by this method is a good approach and gives satisfying and straightforward results validated in practice. Four lines fitted with appropriate boundary conditions in order to match the four previous transfer functions were simulated on AmeSim:
: the line is closed at x=0, a pressure source is placed at x = L l and a pressure sensor at x = 0.
: the line has a mass flow source at x=0, a null pressure source at x = L l and a pressure sensor at x = 0.
: the line is closed at x=0, a pressure source is placed at x = L l and a mass flow sensor at x = L l .
: the line has a mass flow source at x=0, a null pressure source at x = L l and a mass flow sensor in x = L l . Figure 2 depicts the step responses of h 11 , h 12 , h 22 and h 21 compared to the ones provided by AMESim. These simulations have been performed considering as a set point an input voltage u e = 2.4V and a pressure P e = 4.10 5 bar, for a line of length L l =9m with an internal diameter D l =2mm. It is clear that the lumped-parameter model of the pneumatic line shows satisfactory results while respecting the modeling assumptions, that is to say when considering small mass flow variation (working point constraint) and low-frequency excitations (transcendent function approximation constraint).
III. TELEOPERATION
In this section, we are interested in the teleoperation of a pneumatic actuator driven by two identical servovalves located far from the cylinder. The master is actuated by an electrical motor with a dynamic fast enough to be neglected with respect to the mechanical dynamics. The numerical parameters shown in Table I are used in the following. The general 4-channel bilateral teleoperation architecture proposed by Lawrence [19] needs the implementation of 4 sensors in order to guarantee transparency between the master and the slave, which could be inconvenient in some applications. In the following, the (two-channel) direct-force-reflection (DFR) architecture teleoperation control (also called force-position Step response of h11, h12,h22,h21 control) is used (Fig. 3) . Compared to the position-position method, improvements in term of force tracking are achieved due to the measurement of the interaction force between the slave and the environment. Furthermore, the position tracking performance is better than the force-force case thanks to the position information [20] .
B. Slave Actuator Impedance
DFR architecture requires the knowledge of the slave impedance and the goal of the current section is to exhibit the derivations that allow to obtain this information. In accordance with the developments made in Section II-D, around a working point, the models of the different components shown in Fig. 4 lead to: Line P:
Line N:
Cylinder:
Although the variables of the pneumatic line model and and the valve model are independent, the connection of these components to the pneumatic actuator introduces a coupling between all the variables because the position y of the piston depends on the pressures inside the chambers P and N. Reciprocally, the evolution of y has an effect on the boundary conditions of the pneumatic lines and the servovalves. Straightforward computations show that:
Where:
In teleoperation it is classical to use the transfer function G F between the pressure forces ∆F applied on the piston and the voltage control U applied, where U = U p = −U n (Fig. 4) .
We finally get:
An analysis shows that the transfer function G F = ∆F ∆U is actually a 23rd order model. This high order illustrates how the effect of the pneumatic lines model translates on the whole slave system model. However high order models are seldom used in teleoperation because they require significant computational power. Furthermore, they drastically increase the order of the controllers, which could be a pitfall in terms of robustness and design. Therefore, to implement a DFR control, a reduction model needs to be carried out. A model reduction based on the balanced truncation has been used [21] . This method consists in removing the state variables that have a small contribution to the input/output behavior of the system. In other words, the least observable and controllable modes are withdrawn from the model. In our application, the use of such a method with Matlab leads to an equivalent 4th order transfer function.
C. Simulation Results
In this section simulation results are reported. To validate our approach different tests have been performed. Several simulations have been carried out in co-simulation, where the parts of the teleoperation system are simulated by different simulation tools running simultaneously and exchanging information in a collaborative manner. In our case, we used Matlab-Simulink to simulate the DFR controller, the master, the operator and the environment while Amesim was used to simulate the physical model of the slave actuator. The idea behind this method is somehow to validate the robustness of the controller with respect to the modeling errors as well as the transparency of the teleoperation system. Fig. 5 and Fig. 6 show the master and the slave force and position tracking profiles in free space and in contact motion with the DFR architecture. Similarly to [22] , the operator is modeled as a time-invariant mass-spring-damper system Fig. 5 shows that the DFR scheme provides good position tracking in free space. During this simulation, the operator provides a force F h which moves forward and then backward the master. Force tracking performances in free space are not as good, which is a well known result in this mode [20] .
However, the DFR architecture offers good force tracking performances in contact motion as seen in Fig. 6 . This result confirms other observations that show the DFR scheme gives performances comparable to a three-channel architecture.
IV. CONCLUSION
This paper deals with the modeling of a pneumatic system dedicated to a teleoperation application. The work focuses on the specific problem of the additional dynamics introduced by the air hose length when the servovalves are located far from the pneumatic cylinder. We show that the physical modeling of each component of the system leads to either a set of nonlinear ordinary differential equations (ODEs) or a set of nonlinear partial differential equations. We also show that around a working point a classical expansion provides a model composed of a finite set of ODEs. The other aspect of this work concerns the use of this model in the framework of a teleoperation problem. In order to design a two-channel teleoperation controller with force feedback, a model reduction is performed. Simulation results provided by a cosimulation between Matlab/Simulink and Amesim show the efficiency of our approach in terms of robustness with respect to modeling assumptions and transparency in free space and in contact motion. Ongoing works focus on the design of an experimental setup in order to validate the promising simulation results. Further studies will also consist in developing a control method to obtain a good trade-off between stability and transparency from the reduced model. An extension to a four-channel teleoperation scheme is also investigated.
